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Copyright © 2007 AHC From the perspective of comparative morphology, the distribution of non-monoaminergic
neurons in the common marmoset (Callithrix jacchus) was investigated using an immuno-
histochemical method with specific antibodies to tyrosine hydroxylase (TH) and aromatic-L-
amino acid decarboxylase (AADC).
TH-immunoreactive (IR) neurons (but not AADC-IR) neurons were observed in the olfactory
tubercle, preoptic suprachiasmatic nucleus, periventricular hypothalamic nucleus, arcuate
nucleus, paraventricular nucleus, periaqueductal gray matter, medial longitudinal fasciculus,
substantia nigra, and nucleus solitaris.
In contrast, AADC-IR (but not TH-IR), small, oval and spindle-shaped neurons were sparsely
distributed in the following areas: the hypothalamus from the anterior nucleus to the lateral
nucleus, the dorsomedial nucleus, the dorsomedial area of the medial mammillary nucleus
and the arcuate nucleus; the midbrain, including the stria medullaris and substantia nigra;
and the medulla oblongata, including the dorsal area of the nucleus solitaris and the
medullary reticular nucleus. The distribution of AADC-IR neurons was not as extensive in
the marmoset as it is in rats. However, these neurons were located in the marmoset, but
not the rat substantia nigra. Furthermore, AADC-IR neurons that are present in the human
striatum were absent in that of the marmoset.
The present results indicate that the distribution of non-monoaminergic neurons in the brain
of the common marmoset is unique and different from that in humans and rodents.
Key words: common marmoset, immunohistochemistry, non-monoaminergic neuron, tyrosine 
hydroxylase, aromatic L-amino acid decarboxylase
I. Introduction
Tyrosine hydroxylase (TH) is the rate-limiting enzyme
for the biosynthesis of catecholamines (dopamine, noradren-
aline, and adrenaline). TH is transiently expressed in some
non-catecholaminergic (CA) neurons of the mammalian
brain during prenatal and postnatal development of the cere-
bral cortex [2, 6, 50], anterior olfactory nucleus [42], medial
geniculate nucleus [45], and inferior colliculus [11]. TH-im-
munoreactive (IR) non-CA neurons have also been observed
in the brains of adult goldfish [15], rats [34], monkeys [30],
and humans [7, 8]. Furthermore, the number of TH-IR neu-Karasawa et al. 84
Fig. 1Nonaminergic Neuron of the Marmoset 85
Fig. 1. Schematic of frontal sections of brain showing distribution of
TH-immunoreactive (IR) (green circles), AADC-IR (red circles)
and TH with AADC double IR (yellow circles) neurons. Symbol
indicating neuronal somata represents 5–10 neurons.
Abbreviations: ac, central amygdaloid nucleus; c, caudate nucleus
head; CA, anterior commissure; cgm, medial geniculate body; CO,
optic chiasm; cp, caudate putamen; CS, superior colliculus; dm,
deep mesencephalic nucleus; FLM, medial longitudinal fasciculus;
gp, globus pallidus; HI, hippocampus; hl, lateral habenular nucleus;
hm, medial habenular nucleus; io, inferior olive; ip, interpeduncular
nucleus; ma, ventromedial nucleus, anteromedial part; me, median
eminence; na, arcuate nucleus; ncs, median raphe nucleu; ndm,
dorsomedial nucleus; nE, Edinger-Westphal nucleus; nha, anterior
hypothalamic nucleus; nme, medial mammillary nucleus; nmm,
medial mammillary nucleus, medial part; npe, periventricular hypo-
thalamic nucleus; npv, paraventricular nucleus; nso, supraoptic
nucleus; nsu, supramammillary nucleus; nts, nucleus of the solitary
tract; nIV, trochlear nucleus; nV, trigeminal motor nucleus; nX, dor-
sal vagal nucleus; os, superior olive; P, pyramidal tract; pos, preop-
tic suprachiasmatic nucleus; rd, dorsal raphe nucleus; re, reunions
nucleus; rl, lateral reticular nucleus; rm, nucleus raphe magnus; rma,
red nucleus, magnocellular part; SGC, periaqueductal gray matter;
sin, substantia innominata; sm, medial septal nucleus; SM, stria
medullaris; snc, substantia nigra, compact zone; snl, substantia
nigra, lateral part; snr, substantia nigra, reticular zone; tad, anterior
dorsal thalamic nucleus; tl, lateral thalamic nucleus; tmd, medio-
dorsal thalamic nucleus; TO, optic tract; tpl, ventroposterior lateral
thalamic nucleus; tpm, ventroposterior medial thalamic nucleus;
vm, medial vestibular nucleus; ZI, zona incerta.Karasawa et al. 86
rons increases after treatment with parachlorophenylalanine
[26] or colchicines [31, 52], and TH-IR neurons are present
in non-CA regions of transgene in transgenic mice carrying
human TH-chloramphenicol acetyltransferase fusion gene
[43, 44].
TH has been reported to appear transiently in the neo-
natal stage as well as in response to drug administration as
described above. However, the actual conditions of these
phenomena have yet to be elucidated. Herein, we report the
distribution of neurons containing TH in the brain of the
marmoset, a primate species closely related to humans, from
a phylogenetic perspective, and discuss the significance of
the existence of these neurons.
Aromatic L-amino acid decarboxylase (AADC) cata-
lyzes the conversion of L-3, 4-dihydroxyphenylalanine to
dopamine and the conversion of 5-hydroxy-L-tryptophan
(5-HTP) to 5-hydroxytryptamine [35]. In addition, AADC
is also intimately involved in the synthesis of trace amines
(tryptamine, phenylethylamine, tyramine, and octopamine)
in the brain [14]. Jaeger et al. [12, 13] identified AADC in
certain non-monoaminergic neurons and labeled them as
belonging to the D neuron system located in the rat brain
and spinal cord. D neurons have been demonstrated immuno-
histochemically in the brain of laboratory shrews [14, 19,
20], mice [35], rats [39, 41], cats [21], and humans [9, 27].
In the present study, we report and discuss the signifi-
cance of the existence of AADC-IR neurons, which are
widely distributed in the marmoset brain. Neurons contain-
ing both TH and AADC are thought to exert various physio-
logical actions as dopaminergic neurons, and have already
been reported to be widely distributed in the marmoset brain
[25]. Furthermore, we closely investigated the existence of
neurons containing only TH or only AADC using an immu-
nohistochemical method with originally produced specific
antibodies [40, 41].
II. Materials and Methods
Experimental animals
Two male common marmosets (Callithrix jacchus:
C.j-153, body weight, 300 g; age, 2 years) were bred at the
Primate Research Institute of Kyoto University. All animal
experiments proceeded in accordance with the Guide for
the Care and Use of Laboratory Animals established by the
US National Institutes of Health (1985) and the Guide for
the Care and Use of Laboratory Primates (2002) established
by the Primate Research Institute of Kyoto University.
Immunohistochemistry
1) Tissue preparation
The animals were administered ketamine hydrochlo-
ride i.m. (1 mg/100 g) and then deeply anesthetized with
pentobarbital sodium (Nembutal 2.5 mg/100 g) i.v. Heparin
sodium (1,000 units/ml) was injected directly into the left
ventricle (0.5 ml). The animals were then perfused through
the ascending aorta with 0.15 M NaCl, followed by 4%
formaldehyde (FA) and 0.2% glutaraldehyde in 0.1 M phos-
phate buffer (PB, pH 7.4). During perfusion, the heads of the
animals were chilled in crushed ice. The brain was removed
from the skull, postfixed in 2% FA for 10 hr and washed in
30% sucrose PB at 4°C for 2 days before slicing into 30 µm-
thick sections using a DSK-3000W microslicer (Dosaka
EM, Japan).
2) Antisera
Highly specific polyclonal antisera were raised from
bovine adrenal TH and rabbit AADC. The specificity of
each is described elsewhere [40, 41].
3) Avidin-biotin peroxidase complex (ABC) method
Floating sections were processed according to the ABC
method as follows: pre-incubation in 0.1 M phosphate-
buffered saline (PBS) containing 0.3% normal swine serum
(NSS) for 1 day; subsequently, sections were washed 3 times
with PBS at 10-min intervals and immersed in 10% NSS for
30 min. The sections were then sequentially incubated with
anti-TH (1:10,000) or anti-AADC (1:5,000) antisera at 4°C
for 2 days, biotinylated anti-rabbit IgG diluted 1:1,000, and
avidin-biotin peroxidase complex (1:1,000) for 2 hr at room
temperature. After immersion in 0.15 M Tris buffer (pH
7.6) containing 0.005% diaminobenzidine, 0.05% H2O2 and
0.8% nickel ammonium sulfate, sections were washed in
water, mounted on slides, dehydrated, and coverslipped for
light microscopy.
4) Double-labeling immunofluorescence method
Mouse antiserum against TH (MAB318, 1:1,000;
Chemicon Co. Ltd.) [4, 55], and rabbit antiserum against
AADC (1:5,000) [41] were the primary antisera. Secondary
antibodies for TH and AADC staining included fluorescein-
conjugated goat anti-mouse IgG (AP124F9, 1:200; Chemi-
con Co. Ltd.) and rhodamine-conjugated goat anti-rabbit
IgG (AP156R, 1:200; Chemicon Co. Ltd.). Stained sections
were observed using an Axioskop 2 plus microscope (Carl
Zeiss, Germany).
III. Results
TH-immunoreactive (IR) neurons
1) Hypothalamus
Although a few moderately IR, small, oval and spindle-
shaped neurons were diffusely distributed in the preoptic
suprachiasmatic nucleus (Figs. 1A, 2A), AADC-IR neu-
rons were undetectable (data not shown). Small, oval, green
neurons were sparsely distributed from the lateral to the
ventrolateral area of the arcuate nucleus (Figs. 1B, 2B).
Furthermore, the paraventricular nucleus contained very
few moderately IR, small, oval neurons (Figs. 1D, 2C),
but no AADC-IR neurons (data not shown).
2) Midbrain
Medium TH-IR green neurons were sparsely distrib-
uted and intermixed with TH- and AADC-IR yellow
dopaminergic neurons (Figs. 1G, 1H, 2D) in the substantiaNonaminergic Neuron of the Marmoset 87
Fig. 2. Immunohistochemical microphotograph (A, C, E) and immunofluorescence double immunostaining (B, D, F). A) Small, oval and
spindle-shaped TH-IR neurons are diffusely distributed in the preoptic suprachiasmatic nucleus (thin arrows). ×350. B) TH-IR neurons are
distributed in the lateral to ventrolateral area (green, open arrows), and AADC-IR neurons are distributed in the ventromedial area (red, thin
arrows) of the arcuate nucleus. ×250. C) A few moderately stained TH-IR neurons are distributed in the paraventricular nucleus (open arrow).
III: third ventricle. ×350. D) Co-expression of TH- and AADC-IR is observed in the neurons of substantia nigra as shown in yellow. Green (open
arrows) and red (thin arrows) cells are TH-IR and AADC-IR neurons, respectively. ×150. E) Intensely TH-IR small neurons are distributed in
periaqueductal gray matter (open arrow). White star: cerebral aqueduct. ×350. F) Green oval (open arrows) and yellow (thin arrows) cells in
solitary tract nucleus are TH-IR, and TH-AADC double IR neurons, respectively. White star: capillary. ×600.Karasawa et al. 88
Fig. 3. Immunohistochemical microphotographs (A, D, E, F) and immunofluorescence double immunostaining (B, C). A) Small, oval and
spindle-shaped AADC-IR neurons are diffusely distributed in the anterior nucleus of the hypothalamic area. ×350. B) Small, oval-shaped
AADC-IR neurons (red cells, thin arrows) are diffusely distributed in the dorsomedial nucleus of the hypothalamic area. ×500. C) Round
AADC-IR neurons (red cells, thin arrows) are scattered in the dorsomedial area of the medial mammillary nucleus. ×400. D) Moderately
stained, very small AADC-IR cells are located in the stria medullaris. ×350. E) Moderately AADC-IR, oval neurons are distributed in the
solitary tract nucleus (thin arrows). ×350. F) TH-IR varicose fibers are located in the solitary tract nucleus (thin arrows). ×350.Nonaminergic Neuron of the Marmoset 89
nigra. A few intensely IR, small, round neurons were dis-
tributed in the periaqueductal gray matter (Figs. 1J, 2E).
3) Medulla oblongata
A few oval, green neurons were distributed around
the blood vessels in the ventral region of the solitary tract
nucleus (Figs. 1K, 2F).
AADC-IR neurons
1) Hypothalamus
A group of moderately IR, small, oval neurons ranged
from the anterior nucleus to the lateral nucleus (Figs. 1A,
3A), but TH-IR neurons were undetectable in this region
(data not shown). These AADC-IR neurons are considered
to correspond to the rat group D14 neurons reported by
Jaeger et al. [12, 13]. The dorsomedial nucleus contained
a group of moderately IR, small, circular or oval, red
neurons (Figs. 1C, 1D, 3B), which comprised the largest
group of AADC-IR neurons in the brain of the common
marmoset. These neurons were distributed over a broad
area from the rostral to the caudal regions of the hypothala-
mus and were considered to correspond to the rat group
D12 neurons reported by Jaeger et al. [12, 13]. The pre-
mammillary nucleus ventral to the medial mammillary
nucleus contained a large group of D8 neurons in rat and
other animals, but AADC-IR red neurons were only sparse-
ly distributed in this region of the common marmoset
(Figs. 1E, 3C). Small, oval, red AADC-IR neurons were
diffusely distributed in the ventromedial area of the arcuate
nucleus (Figs. 1B, 1C, 2B).
2) Midbrain
A group of moderately IR, very small, round cells was
identified in the stria medullaris (Figs. 1F, 1I, 3D), but no
TH-IR cells were identified in this area (data not shown).
These AADC-IR neurons were considered to correspond to
the group D6 neurons described by Jaeger et al. [12, 13]. In
marmosets, the AADC-IR neurons in this area are likely to
be glia cells based on their morphological characteristics, in-
cluding small neurons, and ambiguous nerve fiber projec-
tions extending from neurons. Medium to relatively large
spindle-shaped red neurons were sparsely distributed from
the deep compacta region to the reticular region of the sub-
stantia nigra (Figs. 1G, 1H, 2D), and the nerve fibers extend-
ed from the inside to the outside of the substantia nigra.
3) Medulla oblongata
Moderately IR, small, oval neurons were diffusely dis-
tributed from the dorsal to the ventral regions of the nucleus
of the solitary tract (Figs. 1K, 3E). On the other hand, al-
though this region contained relatively large number of
TH-IR fibers (Fig. 3F), TH-IR neurons were not evident
(Fig. 3F). The neurons in this region were considered to
correspond to the group D2 neurons described by Jaeger
et al. [12, 13].
Distribution map of non-monoaminergic neurons
An atlas of the distribution of non-monoaminergic neu-
rons was constructed based on The Brain of the Common
Marmoset by Stephan et al. [25, 31, 51].
IV. Discussion
TH is the rate-limiting enzyme in catecholamine (CA)
neuron synthesis. AADC, dopamine-β-hydroxylase (DBH),
and phenylethanolamine-N-methyltransferase (PNMT) are
essential enzymes in the syntheses of dopamine, noradrena-
line, and adrenaline, respectively. The existence of non-
monoaminergic neurons containing only TH [2, 6–8, 11, 15,
30, 34, 42–45, 50] or only AADC [9, 12, 13, 27, 29, 39, 41,
47, 53] has been reported in the brain of many mammals,
including humans. We previously reported the distribution
of monoaminergic neurons in the brain of vertebrates with
respect to their comparative anatomy [15, 16, 25]. In the
present study, as part of such comparative anatomical inves-
tigation, we clarified the distribution of TH-IR (AADC-
negative) and TH-negative (AADC-IR) neurons.
The existence of TH-IR neurons in the arcuate nucleus
has been reported in mammals other than the shrew [5, 18,
37]. We previously generated an anti-L-DOPA antibody
[29] and reported the high probability that L-DOPA is the
end product of TH-IR neurons observed in the arcuate
nucleus of the laboratory shrew [18].
Although is also possible that L-DOPA is the end prod-
uct of TH-positive neurons observed in the arcuate nucleus
of marmosets, this possibility was not confirmed by double
immunostaining using anti-TH and anti-L-DOPA anti-
bodies. Therefore, it is not currently possible to draw spe-
cific conclusions. A unique observation in the present study
pertains to the unique distribution of TH-IR neurons in
marmosets in comparison to other mammals. TH-IR neu-
rons were occasionally observed in the substantia nigra,
which is the main nucleus containing the largest number of
dopamine-IR neurons. However, no TH-IR neurons were
observed in the locus ceruleus, which contains the largest
number of noradrenaline-IR neurons, or in the dorsal
raphe nucleus, which contains the largest number of seroto-
nin (5-HT)-IR neurons. The absence of TH-IR neurons in
the cerebral cortex [2, 8, 34, 50] and vagal motor nucleus
[23, 26, 36], in which TH-IR neurons were previously ob-
served in other mammals, is also a characteristic feature of
the distribution of TH-IR neurons in the marmoset.
Many researchers have reported the possibility that L-
DOPA is the end product of TH-IR neurons [17, 18, 28, 32,
37, 38, 46, 54]. We previously confirmed this possibility on
the basis of our study of the arcuate and the lateral habenular
nuclei in the laboratory shrew. Researchers have also report-
ed that TH-IR neurons colocalize with other neurotransmit-
ters, such as choline acetyltransferase (ChAT) [1, 23, 36], γ-
aminobutyric acid (GABA) [5, 24, 33], glutamic acid de-
carboxylase (GAD) [3], which is a GABA-synthesizing
enzyme, calretinin [10, 49], and 5-HT [22]. Many of these
studies have indicated that TH appears transiently in theKarasawa et al. 90
neonatal stage and colocalizes with other neurotransmitters.
We have previously reported on the colocalization of TH-IR
neurons with ChAT in the vagal motor nucleus and with 5-
HT in the raphe nucleus in the laboratory shrew during the
neonatal period. This suggests the possibility that TH, in the
presence of other neurotransmitters, has a neurohormonal
action during postnatal development. TH-IR neurons were
observed in more parts of the marmoset brain than in the
brains of other mammals. Our future experiments will focus
on whether L-DOPA is the end product of these TH-IR neu-
rons and whether these neurons exert a neurohormonal phys-
iologic action in the presence of other neurotransmitters.
On the other hand, AADC is a nonspecific enzyme in-
volved in the synthesis of CA, 5-HT, and trace amines, such
as tyramine, tryptamine, and phenylethylamine [14], in the
brain. The existence of a group of neurons containing only
AADC in mammals was first reported by Jaeger et al. [12,
13]. Since then, the existence of such a group has been re-
ported in many mammals including humans [9, 27, 29, 39,
41, 47, 53]. In the present study of the marmoset, the distri-
bution of neurons containing only AADC was observed in a
broad range of brain structures, from the rostral to the caudal
parts. As characteristic findings in the marmoset, we ob-
served such neurons in the arcuate nucleus and substantia
nigra, areas where such neurons were not observed in rats.
AADC-IR neurons can synthesize amines from a pre-
cursor of amines [48]. As we have previously shown using
an immunocytochemical method, AADC-IR neurons in the
laboratory shrew produce dopamine when L-DOPA is
administered; however, they produce 5-HT when 5-HTP is
administered [19–21]. It is possible that AADC-IR neurons
in the marmoset brain have similar functions to those in
the laboratory shrew. We plan to examine this in our future
experiments. AADC-IR neurons have been observed in
the corpus striatum [9] and hypothalamus [29] of humans,
although no such neurons were observed in these regions
of the marmoset brain. Therefore, there is a high possibility
that dopamine is produced in brain regions other than the
substantia nigra, such as the corpus striatum and hypothala-
mus. This possibility should be considered when using L-
DOPA treatment for Parkinson’s disease.
Furthermore, AADC-IR neurons may form a system
containing trace amines, such as tyramine, tryptamine, and
phenylethylamine. The existence of this system has not been
demonstrated by immunohistochemistry because specific
enzymes, including the synthesis reaction for these amines,
have yet to be elucidated. As the synthesis of these trace
amines is enhanced by the administration of a monoamine
oxidase inhibitor, we are planning to develop an appropriate
method to further clarify the function of AADC-IR neurons,
as well as a technique for verifying their morphologies.
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